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Abstract

Background The development of anticancer drugs derived from medicinal plants has recently attracted increasing
attention due to advantages such as abundant natural resources and reduced side effects for patients.The present
study aimed to explore the phytochemical composition and anticancer potential of butanol extract and its subfrac-
tions derived from Ardisia gigantifolia leaves.

Methods and results Using ultra-performance liquid chromatography-quadrupole time-of-flight mass spectrometry
(UPLC-QToF-MS) analysis, 103 compounds were identified in the crude butanol extract, while 33-35 compounds were
detected in each subfraction. MTT assay results showed that subfraction 5b (SubF5b) exhibited the strongest antipro-
liferative activity against MCF-7, MKN45, and AGS cancer cell lines, with ICs, values ranging from 58.2 to 73.2 ug/mL,
significantly lower than those of the crude extract and other subfractions, while showing low cytotoxicity toward nor-
mal breast epithelial MCF-10A cells. SubF5b induced GO/G1 phase arrest and pronounced cellular senescence, as evi-
denced by (3-galactosidase staining. Molecular analyses showed significant downregulation of CDK4, CDK6, and CDKS,
together with upregulation of the senescence markers P21 and P16 (p <0.01). Notably, P21 expression increased sev-
enfold at the mRNA level and 12-fold at the protein level. Proliferation markers Ki67 and PCNA were also significantly
reduced (p <0.001), highlighting the potential of SubF5b as a multi-targeted anticancer agent.

Conclusions This study highlights the anticancer potential of Ardisia gigantifolia, particularly SubF5b, which exhib-
its strong antiproliferative and senescence-inducing effects in cancer cells. These findings support its potential
as a promising candidate for the development of plant-based therapeutics targeting tumor growth and progression.
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Introduction

Cancer remains one of the greatest challenges for health-
care systems worldwide, with several cancer types, such
as breast and gastric cancers consistently ranking among
the highest in incidence and mortality rates [1]. Despite
significant advancements in therapeutic approaches for
both breast and gastric cancers, numerous challenges
persist in prolonging patient survival, including adverse
side effects, multidrug resistance, and high treatment
costs [2]. Recent trends in anticancer drug development
emphasize exploring the anticancer potential of plant-
derived compounds, frequently in combination with
synthetic chemotherapeutic agents or radiation therapy
[3, 4]. This strategy aims to enhance therapeutic efficacy,
reduce undesirable side effects, and alleviate economic
burden on patients [5].

Ardisia gigantifolia, a medicinal herb indigenous to
tropical and subtropical regions such as Southeast Asia
and China, has long been used in traditional medicine
for various health conditions. Traditional uses of Ard-
isia species include treatment for inflammatory diseases,
digestive disorders, and certain stomach ailments, nota-
bly in traditional Chinese medicine [6, 7]. Prior research
has revealed multiple bioactive compounds within
Ardisia gigantifolia, including phenolics, flavonoids,
alkaloids, terpenoids, and saponins [8, 9]. These phy-
tochemicals exhibit diverse pharmacological activities,
such as antimicrobial, anti-inflammatory, antioxidant,
analgesic, enzyme-inhibitory, and anticancer effects [10].
Several studies have demonstrated that Ardisia gigantifo-
lia possesses inhibitory effects against breast cancer, liver
cancer, colon cancer and gastric cancer cells by inducing
apoptosis or targeting cancer stem cells [9, 11]. For gas-
tric cancer cells, whereas the Ardisia gigantifolia extract
has been shown to inhibit proliferation by targeting can-
cer stem cells [12], silver nanoparticles synthesized from
this herbal extract inhibit proliferation by inducing an
overproduction of reactive oxygen species, thereby elic-
iting cellular stress [13]. Although specific data on the
anticancer activity of the crude total ethanol extract and
several isolated compounds are available, additional in-
depth studies on the mechanisms and bioactivities of
each distinct extract fraction are necessary. In response
to these gaps, the present study evaluated the antican-
cer activity of the total butanol extract and its derived
fractions from Ardisia gigantifolia against breast and
gastric cancer cell lines, employing UPLC-QToF-MS-
based metabolomic profiling to characterize previously
unreported metabolites and systematically exploring
the underlying molecular mechanisms, with particular
emphasis on cell cycle regulation and activation of cellu-
lar senescence signaling pathways.
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Materials and methods

Preparation of the butanol extract and fractions of Ardisia
gigantifolia

Ardisia gigantifolia Stapf. leaves (voucher TNU2021.02)
were gathered in Thai Nguyen Province, Vietnam (lati-
tude of 21° 49’ 48N, and a longitude of 105° 32' 20”
E). Fresh leaves of Ardisia gigantifolia (3.0 kg) were
thoroughly washed with tap water to remove surface
impurities and subsequently air-dried under shade con-
ditions. The dried leaf material was then subjected to
extraction with 90% ethanol under reflux at 70 °C for
3 h. This process was repeated three times to maxi-
mize the extraction efficiency. The combined ethanol
extracts were concentrated under reduced pressure to
yield a crude ethanol extract (113.50 g).

The crude ethanol extract was subsequently sus-
pended in 500 mL of water and partitioned succes-
sively with dichloromethane (1 Lx3 times) to obtain
the dichloromethane fraction and the remaining aque-
ous fraction [14]. The solvent from the dichlorometh-
ane fraction was removed under reduced pressure to
yield the dichloromethane fraction (32.58 g). The aque-
ous fraction was further partitioned with z-butanol (1
L x 3 times). The combined n-butanol layers were con-
centrated under reduced pressure to afford a n-butanol
fraction (57.62 g). The n-butanol fraction was then
subjected to column chromatography over silica gel,
eluted with a gradient system of ethanol/dichlorometh-
ane (v/v, 1/10 to 1/1), resulting in six primary fractions
(Fraction 1-6).

Fractions 2 and 5, which showed significant chemical
complexity, were further purified. Fraction 2 was sepa-
rated using C18 silica gel column with a mobile phase of
methanol/water (v/v, 1/4-2/1), yielding five subfractions
(2a—2e). Similarly, Fraction 5 was fractionated under
the same conditions, yielding four subfractions (5a—5d)
(Fig. 1). The n-butanol fractions, along with its subfrac-
tions 2b, 2d, and 5b, were selected for further purifica-
tion and analysis based on preliminary MTT screening
results.

Metabolite profiling of butanol extract and subfraction

of Ardisia gigantifolia

The metabolite profiling of the butanol extract and its
subfractions of Ardisia gigantifolia was performed using
an ACQUITY UPLC I-Class Plus system coupled with a
Xevo G3 ESI/QTF high-resolution mass spectrometer
(Waters Corporation, USA) [15]. Samples were prepared
by dissolving 5 mg of dried extract in 0.5 mL of metha-
nol, filtered through a 0.22 pum membrane, and 1 pL of
the sample was injected for chromatographic separation
using a BEH C18 column. Mass detection was conducted
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Fig. 1 Fractionation scheme of the butanol extract from Ardisia gigantifolia leaves

in both positive and negative electrospray ionization
modes under optimized conditions. Data acquisition
was carried out in full scan mode (m/z 50-1100), and
fragmentation information was obtained using low- and
high-energy modes. Spectral data were processed using
UNIFI software, and peak annotation was performed
based on fragmentation patterns compared against the
Waters Traditional Medicine Library (Waters Corpora-
tion, USA).

Cell culture and MTT assay

MCE-7 (breast cancer cells), MKN45 and AGS (gastric
cancer cells) and MCF-10A (normal breast epithelial
cells) all obtained from American Type Culture Collec-
tion (ATCC, Manassas, VA, USA), were plated in 96-well
plates at 1x 10* cells per well in 100 uL. RPMI 1640 sup-
plemented with 10% FBS and 1% ampicillin/streptomy-
cin, then incubated at 37 °C in a humidified atmosphere
with 5% CO,. After cell attachment (16-24 h), cultures
were exposed to 0, 10, 50, 100, 200 or 500 pg/mL of the
butanol extract or its subfractions. Following 48 h of
treatment, morphological changes were documented by

phase-contrast microscopy using a Nikon Ts2 inverted
microscope.

The MTT assay was conducted following the previ-
ously protocol [16]. After discarding the spent medium,
each well received 100 pL of fresh medium containing
MTT at 0.5 mg/mL (Thermo Fisher Scientific, USA), and
was incubated at 37 °C in 5% CO, for 4 h. Thereafter, the
MTT solution was removed and replaced with 100 uL of
dimethyl sulfoxide (VWR, France), followed by a 15-min
incubation at 37 °C to solubilize the formazan crystals.
Cell viability was assessed by measuring the absorb-
ance at 570 nm using a Multiskan Sky spectrophotom-
eter (Thermo Fisher Scientific, USA). Proliferation was
expressed as a percentage using the formula:

OD of the treated sample

100
OD of the control x

% Cell proliferation =

All assays were conducted in triplicate across three
independent experiments. IC;, values for cell prolif-
eration were determined by nonlinear regression using
GraphPad Prism 10.5 in accordance with the manufac-
turer’s guidelines.
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Cell cycle analysis

Cell cycle distribution was assessed utilizing a BD
Accuri’ C6 Plus flow cytometer (BD Biosciences, USA)
as previously described [17]. A total of 2x 10* cells were
seeded in 24-well plates and incubated in RPMI 1640
medium for 24 h. Subsequently, the cells were treated
with fresh medium containing a subfraction of butanol
extract at varying concentrations ranging from 0 to
200 pg/mL for a duration of 48 h. After treatment, the
cells were fixed in 70% ethanol and stained with pro-
pidium iodide (PI) for 30 min. Following staining, cells
were collected through trypsinization and centrifuged at
13,000 rpm for 5 min. Flow cytometric analysis was con-
ducted to evaluate DNA content and cell cycle phases,
with all experiments performed in triplicate to ensure
reproducibility.

Real-time PCR analysis for mRNA expression

MCEF-7, MKN45, and AGS cancer cell lines were cul-
tured in 6-well plates at a density of 2 x 10° cells per well
and subjected to a subfraction of the butanol extract at
its IC;, concentration for a duration of 24 h. After treat-
ment, total RNA was extracted utilizing TRIzol reagent
(Invitrogen Thermo Fisher Scientific, US) in accord-
ance with established protocols. Following chloroform-
induced phase separation and ethanol-mediated RNA
precipitation, the RNA was washed with 70% ethanol,
air-dried, and reconstituted in nuclease-free water. The
yield and purity of RNA were quantified using a Nan-
oDrop spectrophotometer by evaluating the 260/280
absorbance ratio.

Quantitative real-time PCR was conducted utilizing
the BIOFACT 2XxOne-Step SYBR Green RT-qPCR kit
(BIOFACT, Korea) on a qTower® thermal cycler (Analytik
Jena, Germany), with each reaction comprising 20 ng of
total RNA. The thermal profile included an initial dena-
turation at 95 °C for 15 min, followed by 95 °C for 20 s
and 60 °C for 20 s for 40 cycles. Primer sequences used
are listed in Table S1. HPRT1 was used as the reference
gene, and relative expression was calculated using the
2 85t method [18]. All experiments were conducted in
three independent replicates.

Immunofluorescence analysis

Immunofluorescence staining was utilized to evaluate the
expression of P21, PCNA, and Ki67 proteins in MKN45
gastric cancer cells as previously reported [15]. The cells
were seeded in 24-well plates at a density of 3x 10* cells
per well and allowed to adhere for 24 h. Subsequently,
they were treated with 0.5 mL of fresh culture medium
containing the selected subfraction at the IC, concen-
tration for 48 h under standard incubation conditions
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(37°C, 5% CO,). Untreated wells served as negative
controls.

Following treatment, cells were fixed with 4% para-
formaldehyde for 30 min and subsequently blocked
in 0.3% BSA solution before incubation with primary
monoclonal antibodies targeting P21 (1:500 dilution;
Abcam, USA), PCNA (1:50 dilution; Santa Cruz Bio-
technology, USA), and Ki67 (1:200 dilution; Thermo
Fisher Scientific, USA) at room temperature for 30
min. After washing twice with PBS, the cells were
incubated with Alexa Fluor 488-conjugated secondary
antibodies (anti-rabbit or anti-mouse IgG, 1:200 dilu-
tion; Abcam, USA). Nuclear staining was performed
using DAPI (2.5 pug/mL, 10 min). Fluorescent signals
were visualized under a Nikon Eclipse Ti2 fluorescence
microscope (NIKON, Tokyo, Japan) at 20 X magnifica-
tion. Image acquisition and analysis were conducted
using NIS-Elements software version 5.0 (NIKON,
Japan).

Data analysis

The data obtained were examined using the special-
ized software GraphPad Prism 10.5 (GraphPad Soft-
ware, San Diego, CA, USA). The Mann—Whitney and
one-way ANOVA were employed for statistical analysis,
with a p-value of less than 0.05 considered as statistically
significant.

Results

Phytochemical profiling of the butanol extract and its
subfractions

The phytochemical profile of the butanol extract and its
subfractions were identified utilizing UPLC-QToF-MS,
with metabolite identification conducted through the
Waters Traditional Medicine Library via the UNIFI soft-
ware suite. Compound identification was based on pre-
cise mass determination and distinctive fragmentation
patterns obtained under both low- and high-energy con-
ditions. Chromatograms acquired in both negative and
positive electrospray ionization modes for each sample of
the butanol extract and its subfractions are presented in
Fig. 2. Similar signal peak patterns are observed in both
ionization modes. During data processing, only peaks
exceeding a threshold of 15,000 counts were considered
for library matching. Furthermore, the permissible mass
deviation between the measured and theoretical m/z val-
ues was restricted to within+ 5 ppm.

Table 2 presents the putative annotations of the peaks
satisfying the optimized criteria. The greatest number
of compounds was identified in the butanol extract (102
compounds), while the subfractions SubF2b, SubF2d,
and SubF5b yielded 34, 35, and 33 identified compounds,
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Fig. 2 UPLC-QToF-MS chromatographic profiles of butanol-soluble fractions isolated from Ardisia gigantifolia leaf extract under positive

and negative electrospray ionization (ESI) modes. A Crude butanol extract, B Subfraction 2b (SubF2b), C Subfraction 2d (SubF2d), and D Subfraction
5b (SubF5b). Upper traces represent negative-ion mode electrospray ionization mass spectrometry (ESI-MS), while lower traces represent
positive-ion mode ESI-MS. Detected peaks are annotated with their corresponding m/z values and retention times (RT)

respectively. Table 2 also shows that 16 compounds were  alkaloids, diterpenoids, triterpenoids, steroids, carboxylic
common to all three subfractions and the butanol extract;  acids, and saponins. Eight compounds (13, 27, 28, 61, 74,
these belong to various chemical classes, including esters, 75, 81, 86 and 102) present in SubF2b were not detected
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in the other two fractions. The marker compounds dis-
tinguishing SubF2b from the other fractions are 29, 53,
55, 56, 68, 90 and 114. Meanwhile, SubF5b uniquely
contained six compounds, including 37, 46, 66, 99, 106,
and 107, which were not found in SubF2b or SubF2d.
This heterogeneity in compound composition among
the fractions may allow prediction of differences in their
anticancer activity in subsequent MTT screenings.

Antiproliferative activity of butanol extract and subfractions
The results of the MTT proliferation assay (Fig. 3A-C)
showed that the butanol extract and its two subfrac-
tions, SubF2b and SubF5b, all significantly reduced pro-
liferation of all three cell lines (p <0.05) at concentrations
starting from 50 pg/mL. A pronounced decrease in pro-
liferation was observed at higher concentrations (200
and 500 pg/mL) for both subfractions and the original
butanol extract, with SubF5b exhibiting the strongest
effect across all tested cell lines, reducing proliferation
to 30-15% (all p<0.01). The IC;, values varied among
subfractions and cell lines: SubF2b showed the highest
(IC50>400 pg/mL for MCF-7 and MKN45, and >200 pg/
mL for AGS), corresponding to the lowest antiprolif-
erative activity. In contrast, SubF5b exhibited the most
potent antiproliferative effect, with 1C;, values of 73.2,
58.2, and 62.7 pg/mL for MCF-7, MKN45, and AGS cells,
respectively. Inverted phase contrast microscopy images
(Fig. 3D-F) revealed that SubF5b markedly decreased
viable cell density compared to control, leaving large gaps
in the culture surface. Moreover, at concentrations of
100-500 pg/mL, pronounced morphological changes and
numerous cell death phenotypes were observed, indicat-
ing a distinct cytotoxic effect of SubF5b.

To evaluate the cytotoxic effects of SubF5b on normal
cells, an MTT assay was also performed on normal breast
epithelial MCF-10A cells. As shown in Fig. 3G and H, a
reduction in cell proliferation was observed only at con-
centrations of 200 pg/mL and above, with the IC;, value
determined to be greater than 400 pg/mL. These MTT
screening results also suggest that the SubF5b should be
used for further activity analyses.

Subfraction 5b induces cell cycle arrest at GO/G1 phase

To assess the effect of SubF5b on cell cycle progres-
sion, flow cytometry analysis was performed on all three

(See figure on next page.)
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cancer cell lines. Figure 4 demonstrates a significant
alteration in the distribution of cells across the cell cycle
phases following treatment with SubF5b. Specifically, an
accumulation of cells in the GO/G1 phase was observed
across all three cell lines: MCF-7 (Fig. 4A, D), MKN45
(Fig. 4B, E), and AGS (Fig. 4C, F). The percentage of cells
in this phase increased to 60—65%, compared to 55-58%
in the control groups (p<0.05), with variations depend-
ing on the specific cell line. Correspondingly, the propor-
tion of cells in the G2/M phase decreased. Thus, SubF5b
induced GO/G1 arrest, thereby disrupting progression
through the cell cycle.

Subfraction 5b induces cell senescence

Cell cycle arrest at GO/G1 suggested an effect of SubF5b
on cellular senescence. P-Galactosidase staining, a
canonical marker of senescence, was evaluated (Fig. 5A—
C), revealing induction of senescence by SubF5b in all
three cell lines, with magnitude varying by line. Senes-
cent cells, which were stained blue due to the turnover
of X-gal by p-galactosidase, were observed at all tested
concentrations (50, 100, and 200 pg/mL). The high-
est density of senescent cells was observed at 50 pg/mL
SubF5b, decreasing at 100 and 200 pg/mL. Image] quan-
tification (Fig. 5D—F) showed the proportion of senescent
cells rising from 1% in controls to approximately 5-70%,
depending on concentration and cell line (p<0.01). At
high concentrations of 100 and 200 pug/mL of SubF5b, the
majority of cells observed had a dead cell appearance.

Subfraction 5b affects on gene expression of cell cycle

and senescence signaling

To further elucidate the impact of SubF5b on cell cycle
arrest, transcriptional-level analyses by real-time PCR
and protein expression profiling by immunofluores-
cence were performed (Fig. 6). The gene expression
analysis at the transcriptional (mRNA) level in Fig. 6A
demonstrated that SubF5b significantly downregu-
lated cell cycle-related genes, including CDK4, CDK6,
and CDKS, while no notable changes were observed
in CDK2 and CDK3 expression. Genes closely associ-
ated with cellular senescence, including P21, P16, Ki67,
and PCNA, also exhibited significant transcriptional
alterations. Specifically, P21 expression increased

Fig. 3 Effects of butanol extract and its subfractions on the proliferation of cancer cells. A MCF-7 breast cancer, B MKN45, and C AGS gastric
cancer cells. Data are presented as the mean + standard deviation (n=4), Mann-Whitney test, * p <0.05, ** p <0.01 compared to the control;
effects of SubF5b on cancer cell morphology (D-E): D MCF-7, E MKN45, and F AGS cells; and G, H effects of SubF5b on the proliferation and cell
morphology of normal breast epithelial cells MCF-10A. Data are presented as the mean + standard deviation (n=4), Mann-Whitney test, * p <0.05,

**p<0.01 compared to the control. Scale bar=90 um
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and P21-, Ki67-, or PCNA-positive cells appeared green. All results are presented as mean £ SD (n=3). Mann-Whitney test, *p <0.05, **p <0.01

approximately sevenfold compared to the control
(p<0.01), whereas P16 showed a 2.5-fold upregula-
tion (p<0.05). In contrast, Ki67 and PCNA expression
decreased by approximately tenfold and fivefold, respec-
tively (p<0.01). No other significant changes in mRNA
levels were detected.

Protein expression was analyzed using immunofluo-
rescence (Fig. 6B) revealed a robust increase in P21 lev-
els (12-fold, p<0.001), while Ki67 and PCNA exhibited
marked reductions (20-fold and eightfold, respectively, all
p<0.001). These findings indicate that SubF5b modulates

the expression of key genes involved in cell cycle regula-
tion and cellular senescence pathways.

Discussion

The increasing global incidence of cancer, particularly
breast and gastric malignancies, presents significant chal-
lenges in developing novel therapeutic agents that can
effectively eliminate tumor cells while circumventing
drug resistance, minimizing adverse effects, and ensuring
cost-effectiveness. This necessity has redirected research
efforts towards the investigation of traditional and herbal
medicines, which have historically demonstrated efficacy
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against various pathological conditions [19]. In this study,
we present the first comprehensive characterization of
the principal constituents of butanol extract and its frac-
tions using ultra-performance liquid chromatography
coupled with high-resolution quadrupole time-of-flight
mass spectrometry (UPLC-QToF-MS).

Comprehensive metabolite profiling not only reveals
the chemical composition of the butanol extract and its
subfractions, which is useful for chemotaxonomy but
could also be useful for determining the bioactive com-
pounds. In this research, we identified the presence of
103 different compounds in the butanol extract, and
34-35 compounds in each of its subfractions. Notably, 17
different compounds were found in all the subfractions
and the extract, which may give rise to similar biological
properties among the subfractions. In which, Nonadeca-
noic acid (compound 79), isolated from Ganoderma luci-
dum, exhibited inhibitory activity and induced apoptosis
against the proliferation of HL-60 leukemia cells, with an
IC;, value of 68+7 puM [20]. Magnoflorine (compound
80), an alkaloid isolated from Berberis cretica roots,
exhibits antiproliferative and pro-apoptotic effects, and
caused cell cycle arrest at S/G2 phases in lung cancer
(NCI-H1299), MDA-breast cancer (MB-468) in a dose-
dependent manner, indicating its potential as a promising
anticancer agent [21]. Other compound, such as phytol-
accagenic acid (compound 92), have also been reported
to exhibit anticancer activity against gastric cancer cell
line SGC-7901 and liver cancer cell line HepG2 [22].

However, the presence of 6-8 unique compounds in
each subfraction may lead to differences in biological
properties, as exemplified by the anticancer activity on
different cell lines. A previous report showed that frac-
tions from Phoenix dactylifera contain various vola-
tile compounds identified by GC-MS. These fractions
also exhibited different inhibitory effects on pancreatic
cancer cell lines PT45P1, PANC-1, and SUIT-2 [23]. In
another study, 81 and 100 compounds were identified
in the extract fractions of Ophiocordyceps xuefengensis
and Ophiocordyceps sinensis, respectively, of which 68
were common to both species. Subsequently, the frac-
tions of each species displayed different levels of can-
cer cell inhibition in esophageal and breast cancer cell
lines, monocytic leukemia, and Burkitt’s lymphoma
[24]. Previously, molecular docking analysis showed
that podophyllotoxin (compound 4) has a strong bind-
ing affinity to the human estrogen receptor « (binding
energy =—8.38 kcal/mol), indicating its potential as an
anti-breast cancer agent [25]. Meanwhile, evodiamine
(compound 5) demonstrated inhibitory activity against
the PIK3p110 protein, a component of the PI3K/AKT
signaling pathway, leading to the induction of apopto-
sis in small-cell lung cancer cell lines NCI-H446 and
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NCI-H1688 [26]. Similarly, based on molecular dock-
ing analysis, limonin was suggested to have inhibitory
potential toward the VEGFR2 receptor, resulting in
suppressed proliferation and migration of breast can-
cer cells (MDA-MB-231, MCEF-7) [27]. The chemical
composition of the n-butanol extract subfractions of
Kigelia africana was also analyzed using UPLC-QToF-
MS, revealing the presence of over 200 identified com-
pounds, which exhibited cytotoxic activity against
HepG2 and HeLa cancer cell lines [28]. The results of
the antiproliferative activity assay (Fig. 3) on breast and
gastric cancer cell lines revealed distinct differences
among the butanol extract subfractions tested. Notably,
SubF5b exhibited the lowest IC;, values (73.2-58.2 pg/
mL), indicating that this fraction possessed the most
potent anticancer activity in all three cancer cell lines
examined, while exerting only low cytotoxic effects on
normal breast epithelial MCF-10A cells (IC;,>400 pg/
mL). These variations may be attributed to the compo-
sition of each subfraction.

A previous study investigating the anticancer effects of
Ardisia crispa—a species from the same genus as Ardisia
gigantifolia—reported that both the hydromethanolic
and ethyl acetate extracts exhibited significant antipro-
liferative activity against MCF-7 breast cancer cells, with
ICy, values of 57.35+19.33 pg/mL and 54.98 +14.10 pg/
mL, respectively. In contrast, the aqueous extract of the
same plant showed much weaker activity, with an ICg,
value exceeding 1000 pg/mL [29]. Notably, a study on
Ardisia gigantifolia revealed that extracts prepared using
different solvents exhibited distinct cytotoxic effects
against HCT116 colorectal cancer cells. Specifically, the
n-butanol extract showed an IC;, value of 197.24 pg/mL,
while the ethyl acetate and petroleum ether fractions had
ICy, values of 264.85 pg/mL and 15.45 pg/mL, respec-
tively. The underlying inhibitory mechanism is indicated
to be the targeting of MAPK1, ESR1, HSP90AA1, and
MAPKS proteins by compounds present in the extracts
of Ardisia gigantifolia. These results indicate that differ-
ent solvents, by extracting different sets of compounds,
can lead to variable anticancer activities against cancer
cell lines [30].

The progression of cells through the various phases
of the cell cycle is essential for maintaining stable and
continuous cellular proliferation over time. Disruptions
in this tightly regulated process, particularly interven-
tions that hinder cell cycle progression, can impair cell
viability and reduce proliferative capacity. This effect is
currently being exploited as a therapeutic strategy for
cancer treatment. In this study, the impact of SubF5b on
the cell cycle was assessed using flow cytometry (Fig. 4),
which revealed a marked arrest in the GO/G1 phase. This
accumulation of cells in GO/G1 was accompanied by a
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concomitant reduction in the proportion of cells in the
G2/M phase, suggesting a mechanism by which SubF5b
suppresses cellular proliferation in MCF-7, MKN45, and
AGS cancer cell lines compared to untreated controls.

Previous studies have similarly demonstrated that
subfractions derived from the butanol extract of Bras-
sica rapa inhibited the proliferation of A549 lung can-
cer cells by inducing GO/G1 cell cycle arrest through a
ROS-dependent mechanism [31]. In contrast, n-butanol
fractions from Avena sativa were shown to inhibit the
proliferation of HepG2 liver cancer cells by inducing
arrest at the S and G2/M phases [32]. The phase-specific
effects of these extracts may depend on the phytochemi-
cal composition of the fractions and the botanical species
from which they are derived.

In the present study, the GO/G1 arrest induced by
SubF5b provides mechanistic insight that may relate to
its ability to promote cellular senescence. Indeed, previ-
ous reports have linked cancer cell senescence with GO/
G1 arrest, particularly through the upregulation of the
cyclin-dependent kinase inhibitors P21 and P16 [33],
both of which were significantly increased following
SubF5b treatment in our model.

The findings of this study demonstrate that SubF5b
extracted from Ardisia gigantifolia exerts a significant
anti-proliferative effect by inducing cellular senescence
in breast (MCF-7) and gastric cancer cell lines (MKN45
and AGS). Senescence was confirmed through enhanced
[-galactosidase-positive staining, a well-established
marker of cellular senescence. These observations align
with previous studies reporting that plant-derived
extracts, such as Elsholtzia winitiana, can induce senes-
cence via cell cycle arrest-related mechanisms in AGS
gastric cancer [34]. In other studies, ginger extract
and Olea europaea L. leaf extract induced senescence
through telomere shortening at chromosomal termini in
A549 lung cancer [35] and glioblastoma [36].

A significant finding of this study is that the senes-
cence-inducing effect was most pronounced at the lower
concentration of 50 ug/mL and progressively diminished
at higher concentrations (100 and 200 pg/mL). This out-
come may indicate a concentration-dependent shift in
the cellular response, wherein higher doses of the extract
potentially activate alternative cell death pathways, such
as apoptosis or necrosis. Similar phenomenon has been
previously documented in the context of the chemother-
apeutic agent doxorubicin in MCF-7 breast cancer cells
[37], as well as with other anticancer agents across diverse
cancer models [38]. Understanding such dose-dependent
cellular dynamics is crucial for the rational development
and therapeutic optimization of herbal extracts and iso-
lated phytochemicals for cancer treatment.
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Among the compounds identified in the SubF5b
fraction (Table 1 and Table S2), several were present
in high abundance, including Brucine (compound 63),
16-Methyl-heptadecanoic acid (compound 84), Phy-
sanol B (compound 105), Gossypitrin (compound 99),
and Dibutyl sebacate (compound 66) (Table 2). Previ-
ous studies have demonstrated that Brucine inhibits
the growth of cervical cancer cells by inducing apop-
tosis through the PI3K/AKT/mTOR signaling pathway
[39]. The marine fungal metabolite 16-methyl-hepta-
decanoic acid methyl ester was shown to inhibit the
proliferation of oral cancer KB cells and skin carci-
noma A431 cells, and it also induced ROS-dependent
apoptosis, downregulated heat shock protein 90, and
exhibited potent in vivo anti-skin cancer activity [40].
Meanwhile, Physanol B has been reported to suppress
HGC-27 cell proliferation in a dose- and time-depend-
ent manner, trigger GO/G1 arrest and caspase-depend-
ent apoptosis, upregulate cleaved caspases and p-Chk2,
while downregulating cyclins, CDKs, and phosphoryl-
ated Rb protein [41]. In addition, Gossypetin isolated
from Hibiscus sabdariffa was shown to induce cell cycle
arrest and promote apoptosis by activating NF-kappa B
in oral cancer [42].

In addition, several compounds present at lower
abundance, such as compounds 42, 43, 44, 102, 83, and
86, have also been reported to exhibit potent antican-
cer activities. Sanggenon C (compound 101) has been
reported to exhibit anti-proliferative activity in K562
leukemic cells by inducing GO/G1 cell cycle arrest [43],
as well as in PC3 and DU145 prostate cancer cells [44].
Meanwhile, Xanthones (compound 85) have been docu-
mented to trigger G1-phase cell cycle arrest in colon can-
cer cell lines [45]. Additionally, Coixenolide (compound
83), has demonstrated inhibitory effects on cervical
cancer through various mechanisms, such as apoptosis
induction or targeting the AKT/mTOR signaling path-
way [42]. Although these metabolites (compounds 102,
86, 63, and 84) have been reported to exhibit antican-
cer activity against various cancer cell lines, their pres-
ence has not been previously documented in studies
on Ardisia gigantifolia. Other compounds present
in SubF5b may not yet have reported anti-cancer activ-
ity or mechanisms related to senescence. Howerver, the
present study does not establish a direct causal relation-
ship between any single compound and the observed
bioactivity. In future studies, the isolation and direct
evaluation of these compounds, particularly Brucine and
Gossypitrin on cancer cells will be essential to further
elucidate their mechanisms of action.

The expression levels of CDKs play a crucial role in
cell cycle regulation, with CDK4/CDK6 being essential
for cell cycle progression from GO/G1 to S phase [46].
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Table 1 Phytochemical compounds of Butanol extract and fractions from Ardisia gigantifolia leaves

(2026) 12:37

Page 12 0f 18

No Compounds Formular RT(min) Butanol extract SubF2b SubF2d SubF5b Classification
1 Mahuannin G C50H5,040 0.62536 v Flavonoid

2 Decursitin F Ci6H1606 066422 v Coumarin

3 Bruceine G CyoH604 066778 v Triterpenoid
4 Podophyllotoxin C,,H,,04 067046 v Lignan

5 Evodiamine CigHsN30 067416 v Alkaloid

6 Kushenol G Cy5H,604 07376V Flavonoid

7 Didemethoxylcurcumin CioH1604 097649 VvV Phenolic

8 Epigallocatechin(4,8)-gallocatechin C30H6014 131246 v v Flavonoid

9 Linderazulene Cy5H,.0 152084 v v Terpenoid
10 4'7-Dimethyltectori-genin CigH160s 174999 v v v Flavonoid

11 Buddlenoid A C50H6013 176553 Flavonoid
12 Auraptenol CioH550, 418247 v v v Coumarin
13 8-Hydroxy-dihydrochelerythrine C,1H,gNO;4 560539 VvV v Alkaloid

14 Kansuinin B C3Hu014 712650 Terpenoid
15 Corylin CooHi604 755533 v Flavonoid
16 Saucernetin-7 CuHug014 764040 Lignan

17 NN'-Dicarbazyl CoaHigN, 767739 Alkaloid

18 y-Linoleic acid CigH300, 791843 v v Carboxylic acid
19 Daturametelin | C34H45010 791903 Vv Steroid

20 Limocitrin-3,7-O-3-D-glucopyranoside CyoH340,5 79224 Glycoside
21 Lappaol D C51H36040 792273 Flavonoid
22 Taurocholic acid CoHasNO,S 792553 Steroid

23 Marstenacigenin A C3oH4,04 792570 Vv Steroid

24 6a-Acetoxy-5-epilimonin C30H350, 792577 Limonoid
25  Llactucin Ci5H:60s 792672 Terpenoid
26 Evoprenine CyoH,5NO, 814039 V Alkaloid

27 Kansuiphorin C CyoH3404 829132 V v Terpenoid
28 Magnaldehyde B CigHi60; 854916 v v Lignan

29 Methyl ganoderate E Cs3H4605 869972 V v Triterpenoid
30 19B-Glucosylandrographoside Co6Ha0010 872238 V v v Glycoside
31 Coronaric acid CigH350;5 924366 V v v v Carboxylic acid
32 Platycodigenin CyH480; 942111V Triterpenoid
33 Meranzin hydrate Ci5H1505 948552 v Coumarin
34 Bis-andrographolide C CioHs60s 949864 v v v v Terpenoid
35 Methyl lucidenate P C30Has04 965365 Vv Triterpenoid
36 Pterodontoside H Cy1H30; 965680 Vv Terpenoid
37 Sophoranodichromane A Cy5H,606 9.68383 v flavanonol
38 Ambrettolid Ci6H250, 9.88559 VvV v v v Ester

39 Scutellone| CyoH60s 9.90679 Vv v v v Diterpenoid
40  Picrasinoside G CygHasO5 993452 Triterpenoid
41 Picrasinoside G CogHysO: 993452 v Triterpenoid
42 Ginsenoside F3 CyH70045 1002715 v Triterpenoid
43 Nomilin CygH340q 10.13676 vV Triterpenoid
44 Epiberberine CyoHigNO, 1014685 v Alkaloid

45 Sinkianone CouH500, 1020392 Coumarin
46 Decursidin CouH60; 1021548 v Coumarin
47 Ricinoleic acid CigH340; 1063613 Vv v v Carboxylic acid
48  Feterin CueH3506 1068646 v Coumarin
49 Chikusetsusaponin la CyiH700, 1071223V Steroid
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No Compounds Formular RT(min) Butanol extract SubF5b  Classification
50  Lignoceryl ferulate C34Hs50, 1071280 v v Ester

51 Palmitelaidic acid Ci6H300, 1073322 Carboxylic acid
52 Daturametelin D CogHagO 1083451 v Steroid

53 Panaxynol Ci7H,,0 10.87685 Alcohol

54 Marsdenoside B CusHegO1a 1089421 Glycoside
55 Kansuiphorin A Cs4Ho00g 11.04580 v Terpenoid
56 Pseudobrucine CysHyN,O5  11.06526 Alkaloid

57 ent-Kauran-16(3,17-diol CyoH340, 11.08018 Alcohol

58  Galloyloxypaeoniflorin C50H3,046 11.09690 Polyphenol
59  Lauryl acetate Ci4H560, 1116046 v Ester

60  Yesanchinoside E Cs4H0,0,3 1122322V Glycoside
61 Astragaloside IV C41Hgg014 1132166 Vv Glycoside
62 KuwanonE Cy5Hy506 1152191 Flavonoid
63 Brucine Cy3HeN,O, 1153445 v Alkaloid

64  Dihydropalmatine CHsNO, 1154077 Alkaloid

65 Licochalcone A CyHy,04 1160908 v Chalcone
66  Dibutyl sebacate CigH340,4 1164977 v Ester

67  Semiaquilegoside A CogH3s0q 1166309 v Glycoside
68  Simalikalactone D C,5H5,04 11.67159 Triterpenoid
69  trans-Octadecyl-ferulate CogHasOs 1182318 v Ester

70 Isorhamnetin-3-O-B-gentiobioside CygH3,0;5 1202058 Glycoside
71 Vaccaroside C CeoHosO30 1202091 Glycoside
72 Lobetyolinin CyeH35013 1202325 Glycoside
73 3-O-Decanoyl-16-O-acetylisoiridogermanal  C4,H,,O4 1213242 Triterpenoid
74 Methyl octadecenoate CioH360, 1222369 Ester

75 Cerevisterol CogHuc0; 1232243 Steroid

76  Hordatine B CooHagNgOs 1232865 vV Alkaloid

77 Lablaboside C CeoHosO 1240509 Vv Glycoside
78 Grayanotoxin | CyoH360, 1243372 Terpenoid
79 Noadecanoic acid CioH350, 1244144V v Carboxylic acid
80  Magnocurarine CioHyyNO; 1256610 v Alkaloid

81 Lucidenic acid A C,y7H3604 1261707 v Triterpenoid
82  2"-O-Rhamno-sylicariside Il Cy3H40014 1273850 Glycoside
83  Coixenolide CgH7004 1283094 v Ester

84 16-Methyl-heptadeca-noic acid CigH360, 1284120 V v Carboxylic acid
85 Sibiricaxanthone A CyuHy60,4 12.87452 v Xanthone
86  Ginsenoside Rh4 C36Hg00s 1292610 v Saponin

87  Adhyperforin Cs6H540, 13.05406 Terpenoid
88  Zhebeinone CHENO; 1305423 Alkaloid

89  Notoginsenoside G CugHgoO10 1307328 Glycoside
90  Syringaresinolmono-B-D-glucoside C34Has04g 13.16850 Glycoside
91  Jujuboside B Cs,Hgs051 1316942 vV Glycoside
92 Phytolaccagenic acid C51H,606 1328840 V v Triterpenoid
93 Gypenoside XVII CugHg:01 1353262 V Glycoside
94 Piperolactam-C9:1(8E) CyoH,7NO;4 1375652 v Alkaloid

95 Notoginsenoside R2 CaH70045 1426874 Glycoside
96  Angeloylgomisin O CygH3404 1438613 vV Lignan

97 Epimedin C C36H50044 1451583 Flavonoid
98  Protostemotinine CysHgNOg 1454077 Alkaloid
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No Compounds Formular RT(min) Butanolextract SubF2b SubF2d SubF5b Classification
99  Gossypitrin Cy1Hy0043 1492102 v Glycoside
100  Sulfoorientalol C Cy5H,40,S 1492234 Terpenoid
101 Sanggenon C CuoH36015 1493788 v v Flavonoid
102 Eclalbasaponin IX CyHer01S 1498683 v Triterpenoid
103 Physanol A C6H5004 1524335 v v v Steroid
104 Cumambrin A C7H5,05 1580233 v Terpenoid
105  Physanol B Cs6Hs5,0, 1620981 v v v Steroid
106 12-Methyl-tetradeca-noic acid Ci5H300, 1622126 v v Carboxylic acid
107 Ostruthin CioH5,0;5 16.26038 v Coumarin
108  Phytolacca cerebroside CugHosNO,q  16.33878 v v Alkaloid
109 Bilirubin CyHyN, 05 1638911 v v Alkaloid
110 Neohecogenin-3-O-3-D-glucopyranoside C33Hs5,04 1653351 v v v Saponin
111 1-Vinyl-4-methoxy-@3-carboline CiuHpN,O 1653398 v v v Alkaloid
112 Tenacissoside L C4oH72046 1656521 Glycoside
113 Limonin CreH300s 1669495 v Triterpenoid
114 Acetylcorynoline CysHNOg  16.81192 v Alkaloid
Table 2 The high-abundance compounds of SubF5b with anticancer activity
Component name Molecular formula Structure Molecular Cancer cells Pathways References
weight (g/
mol)
Brucine Cy3HyuN,04 3945 ME-180 cervical cancer  Apoptosis via PI3K/AKT/  [39]
cell mTOR pathway
16-Methyl-heptadeca-  C;gH340, 284.5 KB oral cancer cell Apoptosis via ROS [40]
noic acid and A431 skin cancer pathway
; cell
Gossypitrin CyiHy0045 B 4804 Ca9-22 oral squamous  Cycle arrest at the G2/M  [41]
I cell arcinoma phase and factor-kappa
B activation
Physanol B CogH300q 510.5 HGC-27 and SGC-7901  GO/G1 arrest and cas- [42]

gastric cancer cells

pase-dependent
apoptosis

Inhibition of these proteins has been demonstrated to
promote cancer cell senescence [47]. These findings
establish CDK4/CDK®6 targeting as a potential therapeu-

tic strategy against cancer cell proliferation [48].

Our real-time PCR analysis provided evidence that
SubF5b modulates key regulators of the cell cycle and
cellular senescence in gastric cancer MKN45 cells. A sig-

nificant downregulation of cell cycle-promoting genes
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(CDK4, CDK6, and CDKS8) was observed in SubF5b-
treated cells compared to controls. This transcriptional
suppression correlates with the previously demonstrated
GO/G1 cell cycle arrest via flow cytometry. Concurrently,
the marked upregulation of P21 and P16, two well char-
acterized cyclin dependent kinase inhibitors, further
supports the hypothesis that SubF5b activates pro-senes-
cence signaling pathways in MKN45 cells.

P21 is widely recognized for its dual role in enforcing
cell cycle arrest [49] and inducing cancer cell senescence
[47, 48] in response to stress stimuli. The~ sevenfold
increase in P21 mRNA coupled with 12-fold elevated
P21 protein underscores its central role in SubF5b-medi-
ated growth inhibition. Similarly, P16 induction (albeit
to a lesser extent) reinforced the senescence phenotype.
Conversely, Ki67 and PCNA—established proliferation
markers [50] showed significant reduction at both tran-
scriptional and protein levels. The diminished expression
of these markers serves as a critical indicator of cellular
senescence [51, 52]. Our data revealed >tenfold reduc-
tion in Ki67 mRNA and 20-fold decrease in Ki67 protein,
demonstrating potent antiproliferative activity of SubF5b
through senescence induction.

These findings align with previous studies showing
that natural compounds (e.g., Platycodin D2, curcumin,
epigallocatechin gallate, berberine, and piperlongumine)
can trigger cancer cell senescence via P21 upregulation
and cell cycle regulator suppression [50, 53]. SubF5b
appears to coordinate a concerted transcriptional and
translational response that suppresses proliferation and
induces senescence through the CDK-P21 axis. The
upregulation of cell cycle inhibitory proteins such as P21

SubF5b
Magnocurarine, Noadecanoic
acid, Sanggenon C,
Sibiricaxanthone A, Brucine. ..

[ ROS generation f ]7

[ Senescence ] ‘—[

Fig. 7 Proposed anticancer mechanism of SubF5b in gastric cancer cells
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and P16, along with the downregulation of proliferation
markers including Ki67 and PCNA, indicates a multi-
targeted effect of the compounds present in SubF5b. The
downstream mechanisms may involve increased pro-
duction of reactive oxygen species (ROS), leading to the
activation of apoptotic signaling pathways and induc-
tion of cell cycle arrest [54]. Furthermore, recent studies
have demonstrated that compounds derived from Ard-
isia extracts exert anticancer effects by downregulating
cancer stem cell-associated signaling pathways [12, 55].
The data presented in this study have demonstrated the
anticancer potential of the butanol subfractions of the
Ardisia gigantifolia through the mechanisms of cell cycle
arrest and induction of cellular senescence via in vitro
experiments (Fig. 7). The absence of toxicity evaluations
of SubF5b in animal models is acknowledged as a major
limitation of the present study and should be addressed
in future investigations to support its potential for clini-
cal application. In addition, the use of extract fractions
containing multiple compounds is well recognized in
traditional Chinese medicine. However, crude mixtures
may pose risks such as unintended toxicity from uni-
dentified compounds, low bioavailability, and batch-to-
batch variability. These factors could undermine stability
and reproducibility in therapeutic use. Furthermore, the
present study lacks pharmacokinetic and stability evalu-
ations, which are also considered limitations. Therefore,
future studies should focus on isolating key compounds,
conducting in vivo toxicity assessments, performing
pharmacokinetic and stability evaluations, and devel-
oping standardized sample preparation protocols prior

& [ CDK4,-’C.DK6!PCN.—UK167l P16/P2 lt]

Cell cycle arrest ]
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to advancing toward preclinical testing and clinical
application.

Conclusion

This study assessed the phytochemical composition
and anticancer potential of the butanol extract and its
subfractions derived from Ardisia gigantifolia leaves.
UPLC-QToF-MS analysis identified 103 compounds in
the crude extract and 33-35 compounds per subfrac-
tion, with distinct compositional patterns implying func-
tional specialization. Sanggenon C, Xanthones, Brucine,
and Coixenolide are metabolites that have been reported
to possess anticancer activity and are identified for the
first time in the extract of Ardisia gigantifolia. SubF5b
demonstrated the most potent antiproliferative effects
against the MCF-7, MKN45, and AGS cell lines, as evi-
denced by significantly lower IC;, values compared to
other fractions. Mechanistic investigations revealed that
SubF5b induced GO/G1 cell cycle arrest and senescence,
as confirmed by p-galactosidase activity and differential
expression of markers related to senescence and the cell
cycle. SubF5b was found to downregulate CDK4/6/8,
Ki67, and PCNA, while upregulating P21 and P16 at both
the mRNA and protein levels, indicating its dual role in
inhibiting the cell cycle and activating senescence. These
findings suggest that SubF5b is a promising plant-derived
candidate for anticancer therapy, targeting cell cycle dys-
regulation and pro-senescence pathways.
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